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SUMMARY

This paper presents data on the tensile strength, fatigue strengbh
creep propertles, and thermal expansion of forged eluminum alloys XB1SS,
188, 2£S end. 325, which are pertinent to the application of these a.'L'LoyB
in the temperature renge from T0° to 800° F. Included are data taken
from published sources, unpublished material made available through the
courtesy of the Aluminum Company of America end the National Bureau of
Standards, and original date, obtained at Battelle Memorial Imstitute,
which extend this previous information. The work also contains a critical
discusslion of the data and their application to design of ailrcraft engines.

INTRODUCTION

Recent advances in the development of alrcraft engines have resulted
in the use of higher operating temperatures at some 1ocaticns in the
englne. It has been estimated that temperatures from 700° to 800° F are
reached In localized spots in pistons and cylinder heads In reciprocating
engines. dJet power plants also require high operating temperatures.

In order that developments in materials might keep pace with develop=-
ments in mechenical design of power plants, the National Advisory
Committee for Aeronautics is supporting work with the following objectives:

(1) To obtain reliasble data on the pertinent high-temperature
properties of aluminum alloys currently avallable

(2) To develop heat treatments and fabrication procedures to develop
the maximmm high-temperature properties of currently available alloys

(3) To foster the development of new and improved aluminum alloys for
high~temperature service

The present Investigation, conducted at Battelle Memorial Institute
under the sponsorship and with the financial assistance of the National
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Advisory Committee for Aeronautics, was intended to develop information
pertinent to the first two of these obJjectlves.

It was recognized that the problem 1s complex and that, regardless
of the care used in planning a program, it was quite likely that in the
course of conducting the investligation 1t might become desirable to obtain
other information then that included specifically in the plans. With this
in mind, the program summarized as follows was planned:

(1) Work was to be confined to an exploration of the fatigue end
éreep properties of the forged (or rolled) alloys XB18S, 18, 24S, and 325,
concentrating particularly on the temperature range from LO0° to 800°.F.
While it was recognized that thls series is not a complete cross section
of availeble alloys, and in particulax provides no information on castings,
it was hoped that base-line information could be obtained which would be
useful in cutting down the amowmt of experimental work necessary to make
comparisons between these and other alloys.

(2) It was decided that the creep tests should be conducted by
conventionel means. It was thought unnecessary to cerry the creep tests
beyond 500 hours. The fatlgue tests were to be direct-stress fatigue tests
in vwhich the load was to be varied from a minimm stress, almost zero, to
& maximum stress in tension. The type of data obtained from such a test
differs from conventional data in that most data obtained previously have
been made on reversed-bending tests of one kind or another. It was thought
that the direct-stress tests might provide more information on the effect
of creep than tests in which the mean stress is zero, as it is in the

reversed-bending type.

DESCRIPTION OF MATERIALS AND PREVIOUS DATA

Material

The aluminum alloys studied in this investigation were furnished by
the Aluminuwm Company of Americe, in the form of l-inch-round, hot-rolled
rois. (A small amount of 7/8-inch-round rod of forged XB1&S alloy was also
furnished in order that the properties of the forged and the rolled rod
could be compared.) Table 1 contains descriptive material about the alloys:
their composition, the heat treatment recommended by the Aluminum Company
of America for each alloy to produce the T-temper, and the room-temperature
mechanical properties to be expected if the alloy is heat-treated according
to the specification.

Thermal Treatment
The eluminum rods (1 in. in diameter), from which the tension test,

fatigue test, and creep test specimens were made, were cut into bars T inches
long. These bars were clamped into a 15-bar heat-treating fixture with the
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surface of each bar not less than 1 inch from the surface of any other
bar in the fixture. This spacing ensured adequate room for the circu-
lation of the hot furnace alr and the quenching medium. Two of these
fixture-bar essemblies could be heat-treated at the same time In a
Lindberg Alr-Draw Furnace; the heat-treating time and temperature and the
. quenching medium were as specified by the Aluminum Company of Americe.

Each of the fixture-bar assemblies was gquenched separately by plunging it
into the quenching medium and vigorously aglitating 1t; the second fixture-
bar assembly wes allowed to come back to the guenching-temperature if the
temperature had d.ropped when the furnace door wes opened to gquench the
first assembly.

Artificial aging, when 1t was specified, was conducted in the same
furnace, and the bars were left undisturbed in the fixtures for this
operation.

A Quumy speclmen, drilled to allow the insertion of a thermocouple,
was attached to a pipe and placed (down through the exhaust opening in the
top of the furnece) among “the specimens that were being heat<treated.
Although the furnace-control thermocouple - located in the hot, incoming,
air stream - was found to vary approximately 115° F from the nominal
temperature, the thermocouple in the dummy specimen varied less then 120 F.

A 0.505-inch tension +test specimen was made from one bar taken from
each group of bars that had been heat-treated together. The results
obtained by testing this specimen were compered with tension test data that
had been furnished by the Aluminum Company of America; this was a precaution
intended to prevent the waste of time and effort that would occur if
improperly heat-treated bars were machined and tested. A comparison of ﬂn
nominal and actual room-temperature tensile properties of several of the
alloys studied during this investigation is given in table 2. Tension test
results obtained by the Aluminum Company of America and by Battelle
Memoriel Institute are included in this tabulation. It will be noted fram
table 2 that the forged test pleces of XB18S-T have somewhat lower
strength than the rolled material. The possible significence of this differ-
ence is discussed later.

Teble 3 summarizes information from the Aluminum Compeny of
America files on the high-temperature tensile properties of XB18S-T, 185-T,
and 325-T tested after holding for a prolonged period at the testing
temperatures (reference 1). Included also are data for 24S-T from a survey
by Wyman (reference 2).

Considerable reference is made throughout the present report to the
elevated ~temperature tensile properties of these alloys that have been held
for varying lengths of time at the testing temperature before starting the
test. These data were furnished by the Aluminum Compeny of America and
were obtained by testing forged alloys (references 3 and 4 end unpublished
data). Table L contains a brief description of these particular materials.
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The curves in figures 1 to 4 show the effect of the time at the testing
temperature before heginning the temsion +tests on the tensile and yleld
properties of forged XBLES-T, 32S-T, 24S-T, and 185~T. In order that
some sort of comparison of fatigue and tension properties of these
alloys can be made, time in these figures is expressed In two ways:

(1) the tims as reported in the Aluminum Company of Americe tests and
(2) the time in terms of the average number of cycles that the Krouse
machine would run if a fatigue test were In progress. The Krouse
machines are operated for 10 hours each day and run 900,000 cycles during
the period. The specimens, however, are maintained at temperature for
24 hours each day, so the Krouse machine is considered to have averaged
900,000 cycles for 24 hours at temperature. Thus, a fatigue specimen
that haes run 9 million cycles would have been at temperature for 10 days,
and would be considered compareble with & tension specimen which had been
held for 10 days at temperature before testing. The plotted points in
figures 1 to 4 represent the results of the direct-stress.fetigue tests.
These data and their relation to the-tenslle data are discussed later in
the section on fatigue test results.

Figures 5 to T show, respectively, the reversed-stress fatigue
strength of alloys XB185-T, 188-T, and 32S-T at elevated temperatures
from Aluminum Compeny of America tests (reference 1). Figure 8 shows the
reversed-stress fatigue strength of 2US-T after "prolonged” heating at
the testing temperature (reference 2).

Table 5 summarizes creep test data on XBL&S-T, 185-T, and 328-T from
reference 1. The significance of these data will be discussed in relatim
to the results obtained at Battelle Memorial Imstlitute.

SHORT~TIME TENSION TESTS AT ELEVATED TEMPERATURES

A few short-time tenslion tests at elevated temperatures were
conducted atBattelleMemorial Institute in order to determine if the
properties of the rolled alloys were greatly different from those of the
forged alloys. The bars were pulied in accordance with the procedure given
in reference 5. The results are tebulated in table 6. Data from
Aluminum Company of America and Battelle Memorial Institute short-time
tension tests are plotted in figures 9 and 10 for XB18S-T and 24S~T. The
Aluminum Company of Americe results were obtained by testing material
described in teble L.

The forged eand hot-rolled alloys do not seem to behave exactly alike
at elevated temperatures, but, in the case of the 24S-T, the comparison of
"typical® with actusl values is involved. The difference between the
short-time tension propertles of the rolled end the forged alloys does not
appear to be highly significent.

The values in table 6 for the yleld strength, and especially for the
modulus of elasticlty, are dependent on the slope of the stress-strain




NACA TN No. 1469 ' 5

curve., The "straight~line” portions of the stress-strain curves were not
perfectly. straight, and there was some evidence that plastic flow occurred
- even at relatively low loads. The effect on the modulus of the rate of
loading is not quentitatively known. This method of obtaining the modulus
is not a very satisfactory one for aluminum alloys at elevated tempera-
tures, and these values should not be regarded as design data.

The effect of longer times at the testing temperature, before testing,
has not been determined for the hot-rolled alloys, so they cannot be
compared, in this regard, with the forged alloys. The effect of various
lengths of time at the testing temperature on the tensile properties of the
forged alloys 1s discussed later in relation to the fatigue test results.

DIRECT-STRESS FATIGUE TESTS AT ROOM TEMPERATURE
AND AT ELEVATED TEMPERATURES

Testing Equipment

Fatigue test equlpment.- The fatigue tests were conducted on Krouse
Direct Repeated Stress Testing Machines which impose an axial load
(4000 1b, maximm) at the rate of 1500 cycles per minute. Figure 11 is a
photograph of one of the machines that has been modified for testing at
elevated temperatures.

The construction and operation of the 4000-pound machine is quite
similer to that of the 10,000~pound machine, previously described
(reference 6). Iike the larger machine, this machine is so designed that
two specimens cen be tested, independently, at the same tims.

A loeding lever (A), actuated by the connecting rod (R), adjustable
cem (C), and driving pulley (B), applies the variable load. (See fig. 11.)
The force is transmitted to the-specimen by a member (M), which is guided
by a parallelogrem system of four steel-plate fulcrums (D), designed to
produce straight-line motion and axiel loading of the specimen. The meen
value of the load 1s applied by adjusting the loading nuts (F) on the
loading screw (E). .

The mean load is applied, with the cam throw at zero, to the specimen
end is measured by means of the callbrated dial bar (G) in terms o the
bending induced in the loading lever. Then the cem throw is so edjusted
that, as the cam is slowly rotated by hand, the desired meximm and minimmm
loads - measured by the dial bar - are applied.

When the machine is rumming under a variable load, the short steel
pin (P) travels in a short arc; for a given cam setting the length of the
arc is inversely proportional to the load. If the load decreases suffi-
clently, the length of the arc increeses enough to cause the pin to strike
a microswitch (T) - the helght of which can be regulated by knob (K) - which
actuates a relay thet stops the machine.
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The specimen-adapter assemblies (the ends of the adapters can be
seen projecting from the ends of the furnmace in fig. 11) are connected to
the mechines by meens of universel Joints (U). At first, rigid comnectias
were used for this purpose, but they complicated the already difficult
problem of alinement. It was determined that, if the imposed nominal -
stresses were equal, the lives of specimens vwhich had been assembled with
universal Joints were considerably longer than the lives of specimens
which had been assembled with the conventional rigid comnections. It had
been noticed that some force had to be applied when a specimen was
assembled into a machine that had the rigid connections, and it was
thought that an initial bending stress was being imposed on the specimen.
Strain-gage measurements verified this hypothesls and revealed that the
initiel stress was very high at some points on the circumference of the
specimen; both compressive and tensile stresses were present before any
of the nominal load had been applied. Strain-gage measurements that were
made on specimens which hed been assembled into a machine provided with
wniversal Joints indicated -thet the bending stresses hed been quite
substantially reduced. It seems probable that the use of universal Jjoints
would not be desirable if specimens were being tested in compression or In
tension-compression; but, since the stresses used in thils investigation
are 21l between zero (actually a little above zero) and scme higher temsion
stress, the universal Joints appear to be a satisfactory answer to the

alinement problem.

A furnace (V) which is used to maintain the specimens at temperature
during the elevated-temperature tests 1s shown in figure 11 attached to
the fatligue test machine end in position. This tube furnace is 15 inches
long; the furnace-control thermocouple is located midway between the
furnece ends and its bead is flush with the inside of the refractory tube.
The temperature of the specimen can be measured by a portable potenti-
ometer; the 1id (W) cen be seen in figure 11l. The specimen thermocouple,
located inside of the specimen at the base of the threaded section, comes
out through en opening in the specimen adapter. Each furnace is controllel
by a Foxboro Controller which is shunted with a resistance in ader to
minimize temperature variations. ‘

When the temperature of a specimen chenges, 1t will eilther contract
or expand., end if a specimen is undergoing a test this expansion or
contraction will cause the load on the specimen to be decreased or increased.
It is quite importent that no increase in load occur because an vnknown
portion of the 1life of the specimen would be spent at en unknown stress,
higher then the nominsl stress. If a predetermined decrease in load occws,
the cut~off is actuated and the machine stops automatically.

Fatigue specimen.- Figure 12 1s a drawing of the fatigue test specl-
men used in this investigation. The reduced section of this specimen is
finished by longitudinel polishing with No. 320 aebrasive paper. Several
specimens were finished by pollshing the reduced section with rouge, but,
since this operation did not result in longer lives for these specimens,
1t was discontinued. )
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Testing Technique

Each fatigue test specimen that was tested in the T-condition at
elevated temperatures was held for at least 1 hour at temperature in
the fatigue test machine before the load was applied. The mean load was
then applied, and if, in the course of an hour or so, no appreciable
change in the value of the meen load had occurred, the alternating load
was applied to the specimen. If the specimen had not failled by the end
of the dey, the machine was turned off and the specimen unloaded to
prevent demage to it in the case of a power failure during the night. The
temperature was maintained both day and night, and the day~to-day tempera-
ture variation was never more than £10° F from the nominsal temperature.
Even small temperature varilations during the rumning of the teats would
have resulted in conslderable changes in load, but for the actual testing
period the changes in load resulting from temperature changes were probably
greater for specimens tested at room temperature than for those tested at
elevated temperatures ~ there being fewer short~time temperature variatims
in, and more frequent routine loed checks made on, specimens that were
tosted at elevated temperatures.

Considerable difficulty was encountered in deciding upon a criterion
for feilure for fatigue tests conducted ebove 400° F because two types of
feilure apparently occur. The first type is the normal fatigue fracture
end can be handled in the conventional manner; the second type 1s a sort
of shear fallure, the nature of which is not too well understood. This
second type of faillure is characterized by the relatively sudden inebility
of the test pilece to sustain the applied load. A loading cycle 1s applied
to the test piece at the start of the test; then after the test has bheen
ruming for e period of time, the test plece begins to creep rapidly, and
the indications are that 1t will eventually fail with a ductile fracture
more nearly resembling a static fallure then a fatigue failure.

A number of experiments were performad in an atbtempt to obtaln a
clear~-cut criterion for this "ductile" failure. In ome set of experiments
SR-k-type strain gages were mownted on the load-applying mechanism of the
testing machine ((M) fig. 11). The idea was that the onset of ductile
fellure could be measured by a definable rate of decrease of load. It was
found., however, that when ductile fallure was about to occur, the rate of
decreagse of load was too rapld to measure by the method Indicated. In
some experiments 1t wes demonstrated that the major portion of the decresse
in load would occur when the machine was turned 1 or 2 revolutions by hand.

From experiments of the type described, 1t was finally decided that a
ductile fallure had occurred if either of the two following conditions
existed:

(1) The cut-off was actuated every 5000 cycles or less.

(2) After stopping the machine, the test pieces Palled to sustain
the mean load to within 100 psi for at least 10 minutes.
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The fracture type of fatigue fallure was defined by conventional
methods. While the criterion for failure apparently produces a repro-
ductible end polnt, neither the effect of creep alone nor the effect of
Patigue alone has been measured in this test.

The direct-stress type of Tatlgue test 1s really a combined creep
and fatigue test, and the behavior of the direct-stress specihens was
enalogous to that of creep specimens. At first the rete of creep wes
relatively rapld, and then the specimen had a low rate of creep for a
relatively long time before the rate of creep increased as the ductile
fallure became imminent. No quantitative measure of creep was made
during the fatigue testing, but some work along this line has been done
by other investigators (references 7 and 8).

Fatigue Test Results And Discussion

The results of room-temperature end elevated-temperature direct-
stress fatigue tests on XB18S-T are presented in table 7. These results
are plotted in figure 13. The results of room-temperature and elevated~-
temperature direct-stress fatigue tests on 188-T, 328-T, and 24S~T are
presented in table 8. These alloys were tested at stress-temperature
combinations which had resulted in relatively long lifetimes for the
XB18S-T alloy. Fatigue test results for all four alloys at these stress-
temperature combinations are plotted in figure 14. There is some scatter
in the results, which 1s to be expected with materials of which the
properties chenge rapidly in the first day and less rapidly during subse-

guent days.

In the past, the statlic property most consistently related to the
fatligue performence of a material has been the tensile strength. At
room temperature the tensile strength and endurence limit of most of the
"stable" alloys are usually thought to be relatively unaffected by the
passage of time alone. Above 350° F the temsile strengths of these
aluminum alloys decrease as the testing temperature increases. Further-
more, the tensile strength of each alloy is affected by the length of
time that a speclmen is held at the testing temperature before beginning
the test. Some data concerning the effect of time at temperature on
the tensile and yleld strengths of XB1E&S-T, 183-T, 325-T, and 24S-T are
available {references 3, 4, and wmpublished date of the Aluminum Compeny
of America). The curves in figures 1 to 4 were drewn from these data.

As previously mentioned, time in these figures is expressed in days or
hours, as reported by Aluminum Company of Americe, and in the average
nuniber of cycles that the Krouse machine would run during the holding
period if a fatigue test were ln progress. From these curves, it is
possible to determine the approximate tensile and yiéld strengths of these
alloys for a number of lifetime-temperature cambinations. The plotted
points in figures 1 to It represent the resulis of the direct-stress fatigue
tests and show the relation of those results to the tensile properties at
the completion of each test.
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Table 9 conteins a tabulated comparison of the direct-stress fatigue
data with the tensile data for the four alloys.at the elevated tempera-~
tures. The ratios in table 9 were obtained by dividing the maximmm
fatigue stress, endured for a certain lifetime, by the tensile or yield
strength that the alloy would have had if it had been held, before testing,
at temperature for a perlod equal to that required to produce the fatigue
feilure. It is important to remember that the tensile data were obtained
by testing forged materials and the fatigue data were obtalned by testing
hot=-rolled materials. If the possible variations that are influenced by
the different methods of reduction —hot-rolling and forging-are assumed

to be insignificant, 1t can be sald that In no case was the ratio of maximum

fatigue stress to tensile strength less than 0.60 and that the ratio of
maximm fatigue stress to yleld strength was always greater than 0.70 in
the lifetime range that was tested. When the relative performence of the
four hot-rolled alloys is evaluated using the averages of these ratios as
the cg.terion, the "best" alloy is 32S+T, followed by the XBLE8S-T, 24S-T,
and 1GS-T.

Table 10 contalns resulis of direct-stress fatigue tests on the four
alloys and is arranged for easy comparison of the alloys. When the rela-
tive dlrect-stress fatigue performence of the hot-rolled alloys ere evalu-
ated on the basis of lifetimes for given stress-temperature combinations,
the following tebulation results:

Stress-temperature Relative direct-stress fatigue
cambination porformance, baged on lifetimes
of from 200,000 to 10,000,000 cycles
(pst) | (°F) 1 2 | 3. L
30,000 | 40O | 32s-r | xB1ES-T 24s-T 18s-T
15,000 | 500 X8183-T 241 18s-T 32S-p
7,000 | 600 18- 3251 | 8XB18S-T | bous-T
6,000 | 700 2hs 32S-T 18s-T | XB18s-T

BForged XB18S-T.
bohs-T exhibited both shortest end longest 1ife at 600° F.

If the results of the two methods of fatigue testing are compared,
it will be noticed that the fatigue test specimens tested by the direct-
stress method exhibit somewhat longer lifetimes, at glven stresses, than
those tested by the reversed-bending method (figs. 5 to 8). However, since
the two methods of testing are so different, their results could not be
considered comparable even 1f the materials had had identical mechanical
end thermel histories. The stress range in the direct-stress msthod was
roughly one-half that in the reversed-bending method. The mean stress in
the direct-stress method is sbopt one-half the maximmm stress, but the
meen stress in the reversed-bending method is, nominally, zero; therefore,
the effect of creep would be expected to be more significant in the direct-
stress method. The speed of testing can also be an important factor,

[, . S———— - - - - - —_—
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inasmch as the strength of these preciplitation-hardening alloys decreases
with time at temperature. These present tests; however, were conducted at
gpeeds of about the same order of magnitude as those at which alrcraft
engines operate.

The relative performence of the alloys tested in reversed bending is
tabulated as follows (references 1 and 2): .

8Tested after prolonged heating at testing temperature
(reference 2). The fact that the 24S-T had been stabilized
at the testing temperature undoubtedly accounts for its
apparent inferlority in the table.

The results of the direct-stress fatigue tests show that these alloys
are quite weak at 600°, 700°, and 800° F. Failure would occur very rapidly
if parts mgde from these alloys were highly stressed at these elevated
temperatures. It seems likely that when these high temperatures occur in
service they occur in localized spots,and the high stresses are borne by
surrounding material which 1s cooler.

CREEP TESTS AT ELEVATED TEMPERATURES

Creep Test Equipment

A group of four creep units is showm in figure 15. The furnaces are
wound with Chromel wire and insulated with S5i1-0-Cel. The temperature
gradient in each furnace is controlled by external shunts on the furnace
windings. The temperature variations are kept below the maximum allowed
by the requirements of reference 5. Each furnace has a small window in
the front and in the back so that deformetion can be measured hy optical
means. The load is applied to the test specimens with a lever arm having
a ratio of 9:1.

A calibration specimen and a creep test specimesn are shown in figure 16
Deformation is measured by the change in distance between cross marks ruled
on the two pletinum strips (shown in position in fig. 16) as they slide
apart. A filar mlcrometer eyepiece and microscope is used to make Lhe

Relative reversed-bending fatigue
Temperature performence, based on lifetimes of
(°F) from 1 to 5 million cycles .
1 2 -3 y
400 x8188-T | 181 32S<r | 8ousor
500 XB18s-r | 1887 | 82is-r 32S-T
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deformation readings. Calibration has shown that the smallest division
on the filar eyepiece is equivaelent to 0.00002 inch per inch, about

0.002 percent, on a gage length of about 2.3 inches. Deformation readings
are usuelly made daily by two observers.

Creep Test Results and Discussion

The creep test date obtalned during thls investigation are reported
in table 1l. These data, and data obtained from the Aluminum Company of
America on the properties of forged alloys, are plotted in figure 17. Each
specimen was held 1 hour at the testing temperature before starting the
test. The grain size of the hot-rolled XB18S-T, 328-T, 24s-T, 185-T, and
the forged XB1lE&S-T used in this investigation is given in table 12.

There are only a few places that the date obtalned during this investi-
gation overlap those resulting from previous investigations. The data are
not nearly complete enough to evaluate the subsequent effects of forging
or of hot-rolling on the creep rates of these alloys. It appears that
the XB18S-T tested at Battelle Memorial Imstitute, both hot-rolled and
forged, has much higher creep rates than those previously reported. It is
also apparent that, at 600° F and between 1000 psi and 2000 psi, the hot-
rolled 185-T has a lower creep rate than the wrought alloy tested by the
Aluminum Company of America. That grain-size differences may explalin these
apparent discrepancies seems to be a possibility. The effect of grain
slze on creep is very significant, as has been previously repoxrted
(reference 1, p. 8):

It should be emphesized that comparisons of resistance to creep
are apt to lead to false conclusions if the structures of the
materials being compared ere not similar. The following figures show
the effect of grain size on the creep characteristics of 185 alloy,
solution treated and aged.

PER CENT CREEP OF 185 ROD (10 HRS. 960°F, BWQ -
12 ERS. 340°F) AT LOOOF AND AT END OF 50 HOURS

185, 3/4 in. rod 15000 psi 20000 _psi

structure

Coarse grain 0.056 0.10
Medlum grain 0.10 0.20
Fine grain 0.32 0.81

Unfortunately, the grain size is not specified for the material
reported on in the literature, but it does seem reasonable to believe that
differences in grain size could be responsible for the apperent discrepanies .

The grain size of these alloys is determined by their composition and
thermsl and mechenicel history.
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“Average" grain size has been Found to be mislesding as far as
predicting creep performence is concerned. In coppexr, 1t has been
discovered thet fine grains exert a deleterious influence that is
greater than would be indicated by the proportion in which they occur.

THERMAT~EXPANSION TESTS

Determinations were made of the linear thermel expansion of 1l samples
of *he rolled aluminum alloys used in the present investigation. Each
sample was 300 millimeters in length and 25 millimeters in diameter. A
precision micrometric method was used for these determinations. (See white
furnace shown in fig. 1 of reference 9.)

The observations obtained on heating and cooling the samples of
eluminum alloys to verious temperatures between room temperature end 800° F
were plotted as expansion and contraction curves. The expansion curves
indicated that the linear thermal expansion of the semples increased with
temperature. Table 13 glves coefficlents of expesnsion and coefficients of
contraction determined by the Natlonal Bureeu of Standerds. These coeffi-
clents were derived from the expansion and contraction curves. The average
difference between the coefficient of expansion of the samples eged at TO0©
end 800° F campared with the corresponding coefficlents of the samples agpd
at lower temperatures is f0.6 X 1070 per degree centigrade, but the average
difference between the coefficlents of contraction of the samples aged
at 700° and 800° F compared with the corresponding coefficients of the
semples aged at lower temperatures is only ¥0.2 X :LO"6 per degree centigrade,
The coefficients of expeansion of slloy 325 are nearly 15 percent less than
those for alloys 185, XB1ES and 24S. The dimensional changes of the
samples at room temperature after heating end cooling during the thermal-—
expension determinations were less for the samples aged at TOO° gng 800° F
than for those aged at lower temperatures. These data are given in the
last column of teble 13.

CONCLUDING REMARKS

Results of an investigation of forged aluminum alloys XB18S, 18s, 2lS,
and. 328 show that, although it seems obvious that the tensile, creep, and
fatigue properties of these alloys at elevated temperatures are inter-
related, there seems to be no simple correlation between any of these
properties. The reason for this may be that an attempt hes been made to
correlate the properties of two general classes of materials, hot-rolled
and forged, which are not fundementally comperable owing to the partioular,
end different, histories of the materiels from which the different sets of
data were obtalned.

The effect of grain size on the creep rate has been discussed, and
the graln size, or microstructure, determined by the composition end the
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previous febrication and thermal' history of the alloy. Unfortunately,
very little information 1s avallable concerning the effects of the various
mechanical and thermal treatments on the structure and mschanical prop-
erties of these alloys at elevated temperatures. Practically, these
factors are of considerable importance because the aircraft engine manu-~
facturers are influenced in thelr choice of thermal and mechanical treat-
nents by fabrication and tolerance ‘considerations, as well as by strength
requirements.

Battelle Memorial Institute,
Columbus, Ohio, March 31, 1946
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TABLE l.- CHEMICAL, COMPOSITION, HEAT TREATMENT, AND MECHANICAL FROPERTIES OF
ALTMINUM ATIOYS

E)ata. furnighed by the Aluminum Company of America:l

Chemical ocomposltion

Alloy
designation Bi Fe | Ou Mg Mn ¥ Zn Cr Pb Bl Ti
XB188 058 | 0,31 | 3.8 | 1.43 [0.0L | 2.1 | 002 | O0OL | 0.0L | 0.0L | 0.03
188 58 A5 3.98 6k 05 | 2.01 02 01 0L 0L 01
ohs 20 25 kA1 | 1. 67 Ol .02 0L .01 01 01
328 12.18 41 5 | 1.20 01 | 67 02 .01 01
dosi gnation Heat treatment to produce T-temper
Eé& Hold at 960° ¥ for 1 howr, water quench, temper at 340° F for 10 hours
1 ~ .
248 Hold at 920; ¥ for 1 hour, water quench, temper at room temperature for & days
328 Hold at 960" ¥ for 1 hour, water quench, temper at 340° F for 12 hours
Namlnal room-temperature mechenical properties in T-temper
Alloy Tield strength, Tenslle Elongation Reduction Brinell
designation 0 2~percent 8 in 2 in. of area hardness
offaet (psi) (percent) (percent) mmibex
(psi)
8yR188 45,600 61,200 1h.5 28.L 117
18 47,000 63,000 17.0 - 115
oS 46,000 68,000 22.0 ——— 120
328 16,000 56,000 8.0 -——— 125

®Actnal properties.

NAGA
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TABIE 2.~ RESULDS OF T-IEMPER HEAT TREATMENT ON ALLCYS.

HEAT TREATMENT AT ALCOA LABORATORIES

COMPARED WITH TREATMERT AT BATTELLE

Y4a1A4
strength Reduction

2 percenl-. Tensile|Elongation in Brinell

Original offaet gtrength| in 2 in. ares, - hardness

Alley | condition |Leboratory| (psi) (psi) |(percent) |(percent) numbex
IB188-T Hot-rolled| Alaca L5 ,600 61,200 4.5 £8.% 117
Forged. Alcoa Lo ,625 59,600 15.0 16.1 118
Hot-rolled| Battells| 46,250 250 15.3 29.8 ———
Forged Battelle| 4b,700 59,900 16.0 ——— ——
3287 Forgod Alcoa 'l-’l-,500 o 24 ,&)0 6.0 10,0 126
Hot.rolled{ Alcoa 47,400 61,500 9.5 15.7 126
Hot.rolled| Battelle| 47,000 55,100 9.0 17 o4 ——-
2iS-T | Hot.rolled| Alcoa 40,500 67,850 2243 2.7 1%
Hot.rolled{ Battelle| 41,000 68,900 25.0 3544 -—-
188-T | Forged Aloos Y7 ,600 61,600 .5 21.2 -—
Hot.rollad| Alcoa 54,800 66,500 12,3 27.3 130
Hot.rolled| 3Battelle| 55,000 65,500 16.0 28.9 —me

3T
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TABIE 3.- HIGH-TEMPERATURE TENSILE PROPERTIES OF
ALIMINGM ALIOYS -
Test Yield
rature| O0.2-percent Tensile Elonga~- Brinell
oF) offmet strength|tion in 2 in. haxdness
Alloy Condition (1) (psi) (psl) (percent) | mumber
XB18S-T 12 hr, 960° ¥3 75 40,625 59,600, 15.0 118
Forged® 10 hr, 340° F - 300 36,000 11,620 10.5 104
400 19,250 26,390 1%.0 9
500 7,400 12,150 27.0 50
T00 1,850 4,08 118.0 59
18s-1 10 hr, 960° F3 75 54,850 66,730 12.8 128
Rolled and |12 hr, 340° F 212 53,000 61,360 12.5 136
drawn rod?2 300 38,500 Lk ;220 13.5 Sk A1
koo 18,000 23,420 21.5 ¥ )
o 500 12,000 15,650 24,0 65
328+7
Forged slab2|Heated to 960° F3 75 44,500 52,800 6.0 126
8 hr, 340° F 300 32,500 36,800 6.5 99
hoo 10,700 15,08 25.5 5l
500 6,100 8,930 39.0 49
600 3,300 5,600 Lk .0 43
T00 35025 3,415 9k.0 R
2l (5) P 15,000 68,000 22 -
300 35,000 42,000 21 -——-
400 21,000 28,000 25 -—
500 9,000 14,000 ko o
600 5,000 75500 6 -—
T00 3,500 5,000 100 -

1 alloys heated for a prolonged perlod at testing temperature
before testing.

2mesting speed, 0107 in. per min. Data from reference 1.

3Boinng.water quench .

l":lJa:l;e. from reference 2.

5’J.'esting speed and heat treatment not reported.

e e - -
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TABIE k%.- THERMAT, AND MECHANICAL HISTORY OF
ATUMINUM ALLOYS FROM WHICH DATA FOR
VARTATION OF TENSILE PROPERTIES
WITH TIME AT TESTING TEMPERA-
TURE WERE OBTAINED

Febricatlon Thermal
Alloy method treatment Remarks
¥B18S-T|Specimens made from |12 hr, 960° F, (1)
forged 3/4-in. rounds| water gquench,
aged 10 hr
at 3400 F
18T |Specimens mechined 10 hr, 960° F, "Data represent
from forgings caustic quench, tests of ...
aged 10 hr single lots" end
at 340° F "should not be
~interproted as
ttypical values*'"?
32S-T |Specimens machined 12 hr, 960° F, Do.2
from forged slab followed by quench~-
ing, aged 8 hr
at 3400 F
2hsr T-temper Data " ... considered
. typicel for various
commercial forms, "
sheet, plate, bar,
rod, end wire3

isee reference 3.

25ee reference 4.

3Unpublished information from Aluminum Company
of America.

g e ey - e —e—ew— e — ey ———— = e .
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TABLE 5.- PERCENT CREEP PER 1000 HOURS FOR WROUGHT

ALUMINGM ALLOYS

[Da.ta from reference 1;‘

19

Alloy

Test
temperature

(°F)

Stress (psi) -

1300

1900

2500

5000

7500

10,000

15,000

20,000

XB1Es -T

18s-1

328-T

Loo
600

Lo0
600

koo
600

0.ko

21

1.17

0.69
.03

0.09

06

00121

.09

0.15

0.11
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TABLE 6.- SHORT~TIME TENSILE PROPERTIES OF ALIMINUM ALIOYS
XB188-T, 24S<T, AND 32S-T AT ELEVATED TEMPERATURES

[A11 vers hela 1 hr at temperature before pulling. Bars pulled 0.02 in./min to
0.02-percent offset yleld, then 0.10 in./min to rupture. Bars pulled in
accordence with procedure given in reference 5. |

Yield strengths
(psi) - Elonga=
tion in | Reduc~ Apparent
Test Tensile| O.l- 0.2= 2 in., |tion of modulus of
rature|strength |percent | percent | (percent)| area elastioity
Alloy | Speoimen °F) (psi) |offset |offaet (o) (perocent) (psi)

XB18S-T | A6T Loo 47,400 | 40,000 | k1,500 ik 29.3 | P9.65 x 105

AEK %00 148,300 | 39,200 | Lo,800 15.9 33.4 | Y9.10

AW 500 30,500 | 28,500 | 30,000 2k .0 5543 9.5

AYK 500 27,900 | 22,80 | 24,300 12,0 35.7 9.7

AlT, 600 14,000 | 12,000 | 12,250 k.0 Th.7 9.0

AlM 600 14,700 | 11,600 | 12,200 33.0 gl;.g 8.

ASF 700 75250 | 95,500 | 6,000 5540 0 545

A& 700 7’650 6,100 6,300 6l|- 0 % 0 3 o5

A5L &JO 2 ,9!‘0 1’ 31"0 l,l"3° - ——-e cl l6

ASH 800 2,700 | 1,700 | 1,800 ) ———— 1.5
olgr GIE %00 51,700 | 44,000 | 45,000 19.0 46.0 9.8

Ly Loo 52,500 | 32,500 | 3k,500 26.0 k6.0 9.8

G1K 500 28,700 | 23,900 | 24,600 28.0 75.0 8.4

GlL 500 27,400 | 22,900 | 23,800 20,0 82.0 8.7

GIM 600 17,700 | 15,140 | 415,300 25.0 81.0 9.6

G2A . 600 18,700 | 16,000 | 16,500 29,0 81.0 8.3

G2B T00 10,800 | 9,300 9,500 36.0 8:.0 9.1

G2C 700 9,550 | 8,200 8,400 54.0 92.0 L9
348T 2P 500 27,200 | 24,200 | 25,000 |- 9.0 18.0 9.6

11Q 500 27,200 | 24,500 | 25,800 10.0 28.0 Tk

8Specimens were not broken. Elmgation 1s greater then stroke of W
machine wunder normal conditions.

DBars pulled 0.02 in./min to 0.02-percent offset yleld, then 0.06 in./min to rupture.
CHeld for 2 hr at tempereture.
dZstimated.
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TABLE 7.- DIRECT-STRESS FATIGUE TEST RESULTS FOR XBL&S-T AT
ROOM TEMPERATURE AND EIEVATED TEMPERATURES
Maxipmm
Temperature] stress. Life

mf (psi) cycles |Specimen Remarks

400 30,000 | 1,754,800 ] AsC Fatigue fracture

400 30,000 | 3,299,500 | &F1K Fatigue fracture

400 25,000 | 6,941,000 | ASF Fatigue fracture

400 20,000 |10,496,800 | A5B Unbroken, stress ra.ised.
400 30,000 143,200 | ASB Fatigue fracture

500 20,000 | »====eeee= | A5D Failed to hold load

500 15,000 | 3,826,000 | ASE Ductile failure

500 15,000 86,000 | &riE Ductile failure

500 15,000 | 5,931,800 | &F1L Ductile failure

500 10,000 |10,477,500 | A3R No failure, stress raised
500 15,000 28,000 | A3R Ductile failure

— 15,000 |10,000,000 | . &1L No failure, test discontinued
600 10,000 215,000 | A5G Ductile failure

600 7,000 | 4,200,600 | &FiG Ductile failure

600 5,000 | 6,282,500.] A3M Ductile failure

600 4,000 | 5,790,400 | A3P Ductile failure

700 3,000 | 2,986,400 | A3L Ductile failure

700 - 3,000 241,000 | %13 | Ductile failure

700 2,000 | 8,422,500 | A3NW Ductile failnre

oo 2,000 | ====c=-=ee | EFIF Failed to hold load
Room 45,000 172,300 | A3E Fatigue fracture

Room 45,000 52,800 | AZH Fatigue fracture

Room 43,000 | 1,596,900 | %F1B Fatigue fracture

Room 35,000 | 4,399,000 | AlG Fatigue fracture

Room 33,000 | 2,517,000 | &FIE Fatigue fracture

Room 30,000 |10,563,500 | &FiC Unbroken, stress raised
Room 45,000 151,900 | &FiC Fatigue fracture

Roon 30,000 | 12,445,500 ASH Unbroken, stress raised
Room 5T 500 34,800 ASH Fatigue fracture

8Forged XB18S-T.

~NACA~
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" PABIE 8.- DIRECT-STRESS FATIGUE TEST RESULTS FOR 18S-T, 32S-T, AND
24S-T AT ROOM TEMPERATURE AND EIEVATED TEMPERATURES
Maxcimmm
Temperature stress Life

Alloy (°F) (psi) cycles |Specimen Remarks

181 Room 35,000 |11,737,700{ J1H Unbroken, stress raised
Room 45,000 | 3,808,200 JIH | Fatigue fracture ’
Room 45,000 328,400 J16 Fatighe fracture
400 30,000 233,500 J1D Fatigue fracture
oo 30,000 236,700 J1F Fatigue fracture
500 15,000 793,000 J1A Ductile failure
600 T,000 | 7,973,000 Jic Ductile failure
700 3,000 | 3,000,000 J1E Ductile failure

32S-T Room 35,000 | 2,101,700| I2A Fatigue fracture
400 30,000 | 3,uh7,460| I2C Fatigue fracture
500 15,000 791,200 12D Ductile failure
600 7,000 | 5,103,500| I2E Ductile failure
700 3,000 | %,155,900| I2F Ductile failure

ohsp Room 35,000 690,100| G3F Fatigue fracture
400 30,000 4¥76,300| G3C Cracked and necked down
400 30,000 432,900| G3G Cracked and necked down
500 15,000 | 1,760,000| G3H Ductile failure
600 7,000 | 1,866,000 G3A Ductile failure
600 7,000 118,433,300| G3E No failurel
700 3,000 |19,101,100| G3B No failure
700 4,000 | 9,470,500 G3D Ductile failure

lrest discontinued; failed to hold loed at 10,000 psi.
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TABIE 9.~ COMPARISON OF FATIGUE.AND TENSILE DATA FOR
HOT~ROLIED ALUMINUM ALLOYS AT ELEVATED TEMPERATURES
[see figs. 1 to k.|
Stress~temperature Ratio - maximum stress in fatigue
combination cycle to y:z.e:;.d strength
a
(psi) (°r) XB185-T 181 328-T 2hs -1
30,000 400 0.83 ———- 1.13 b0.91
15,000 500 1.00 0.70 9Ok 91
7,000 600 ———- ———- 1.6 .80,
1.08
3,000 700 1.15 1.00 1.20 c——-
Stress-temperature Ratio - maximm stress in fatigue
" combination cycle ‘to t?m;ile strength
a
(psi) (°F) IB18S-T 18s-r 32S-T 2hs T
30,000 koo 0.75 e 1.03 0.71
15,000 500 <79 0.60 .81 71
7,000 600 ——— ——— 1.00 .29,
. A3
3 ,000 700 -67 065 .T? -

8The maximm stress in the fatigue cycle used in this table is

one that will produce & failure in less then 10,000,000 cycles.
The data were obtained by determining the life of the fatigue
test piece at the stress cycle indicated and then using the yield
or tensile strength which would have been obtained by holding the
test piece at temperature for the same time to compute the ratios

W

shown.

bTwo tests.
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TABLE 10.~ COMPARISON OF DIRECT-STRESS FATIéUE TEST RESULTS
FOR HOT-ROLLED XB18S-T, 32S-T, 24S-T, AND 1&S-T
AT EIEVATED TEMPERATURES
Temperature | Stress Cycles for failure

OF) (psi)
XB18S-T 328 T 24S-T 18-
koo 30,000 1,754,800 | 3,447,460 476,300 233,500
83,299,500 432,900 1 236,700
500 15,000 3,826,000 791,200 1,760,000 | 793,000
286,000
a1o,ooo,ooo
600 7,000 | 24,200,600 | 5,103,500 1,866,000 | 7,973,000
18,433,300
700 3,000 2,986,400 | 4,155,900 | 19,101,100 | 3,000,000
2241 ,000

8Porged specimen.

bunbroken.

W




NACA TN No. 1469

25

TABIE 1).- CREEP TEST DATA FOR ROLIED ALIMINUM-BASE ALIOYS XBLES-T, 18S-T, 2LS-T, 32S~T AND FOR
FORGED ALIOY XB18s-T

Initial | Minimm Final Total |Contraction
Tempexra- deforma=- craep creep deforma=-|on release
ture |Stress tion rete rate tion of loed Duration
Alloy |Specimen| (°F) |(psi) |(percent)|(percent/hr)|(percent/hr)|(percent)] (percent) {kr)
XB1ES-T A6L oo [10,000| 0.069 0.0001.60 0.000160 0240 | -cwme- 478
AGM koo |15,000 406 000900 002200 1.4%0 0.120 697
A3K 500 5,000 052 000360 001250 636 064 501
A3 500 |10,000 «138 +022000 (=) (a) (a) (=)
ASC 600 1,000 017 «000310 000310 «365 «009 a8
ABB 600 | 2,500 017 006100 (v) (v) (b) (v)
24s-T G1B koo |10,000 17 000025 000025 «148 J17 524
G1c Loo |15,000 175 +000130 «000140 »30L 181 572
GIF 600 | 1,200 «013 «0000%0 ©.000040 035 «023 526
G1E 600 | 2,000 ~015 «000080 € .000080 076 +01.8 553
feale) 600 | 3,000 030 2000120 000120 152 023 528
328-T 118 400 |10,000 <119 .000300 L£O04TO AL3 J22 T22
e koo | 8,000 062 000120 000140 2195 O77 528
g L)) 600 | 1,500 Ol -000270 000270 .2k0 019 Lot
LIF 600 | 2,500 021 002200 (a) (a) (a) (d)
L1E 600 3,000 OT 006000 (o) (o) (e) (e)
1831 JIN 600 | 1,000 HO17 «000090 000090 OT6 | —=ee- 498
JiL 600 | 2,000 024 +000330 .000330 «295 021 500
fyp1884 FuC koo |15,000 170 000450 000720 506 «180 502
F3B 600 | 1,000 015 000350 000350 212 009 503

&Broke at 96.8 hr; 38.8-percent elongation; 61.2-percent redmction area.

,bBroh at 257.8 hr; 84.7T-percent elongation; §0.9-pemmt reduction area.

CAverage creep rate between 100 and 500 hr. The rate varied scmewhat dnring test (alternately
higher and lower).

=4

dBroke at 552 hr; 48.5-percent elongation; 81.3-percent reduction erea.

®Broke at 244 hr; 38.9-percent ébngatim; 78.0-percent reduction area.

fForged. A1) other specimens from rolled alloy. These specimens Were run &t the same temperatures
end stresses as rolled XB18S-T specimens AGY end ASC, so that a direct comparison of the resulis
of rolled and forged fabrications could be made.
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TABIE 12.- GRAIN SIZES OF XB18&S-T, 32S-T, 24S-T, AND 185-T
USED IN THE INVESTIGATION
Solution Average
treatment graln
Time | Temperature | dlameter| Renge of grain size
Alloy |Fabrication | (br) (°r) (?15) (in.)
1
XB185-T|Hot-rolled 1 960 0.0006 |Fairly wniform
XB18S-T |Forged 1 960 .0020 |0.00165 to 0.00236
XB18S-T(Hot-rolled | 10 "960 «0013 |Fairly uniform
325-T |Hot-rolled 1 960 .0011 |0.00079 to 0.00118
2hs<F [Hot-rolled 1 920 .0027 [0.00158 to 0.00315
Some very large grains
18S~T [Hot-rolled 1 960 .0013 | 0.00099 to 0.00197

laverage of 25 to 40 measurements.




RABIR 13.~ COEFFICIENTS (F BXPANBION AND OONIRACTION OF ECILED ALUMINUM ALLOYS

[Onpuilished data from the Baticnsl Bureau of Stendards|

Averago coefflolents of

Average coefficiente of

OBS expansion per degree contraction per degree Change in length
eemple] Alloy | Fehrenhelt Fahrenheit after heating
amber &° to 68° to 68°to | 68°to ° to 600° to 2 to 200° to m(m)

200° F 1400° F 600° ¥ 800° ¥ r 68° ¥ F Ggg F a
1776 |br8e-r |12.8 x 2076[13.1 x 1076 141 % 2078154 % 1078]1k.0 x 2076] =memnmremmas 13.0 x 1076[22.4 x 10'51 0.03
11768 [%188-T [22.5 12.9 13.4 13.9 b R 13.0 12.3 -.01
1768 |48e-r [12.7 3.1, 13.7 1.2 £ 775 T [SRE—— 13.0 12.3 0L
1777 |Pxpa6s-E|12.8 13.0 137 1h.6 TN T L — 13.1, 2.5 0%
1TT7A |CxBL8s-{18.5 13.1 13.6 -[23-6 x 207¢] -=mmrmnvan- 12.4 .00
16 |“eas-T [12.8 13.0 13.3 1i.0 1k, T [eeeweeme—- ~{13.1 i2.4 -.05
17784 |S2bs-p |[12.7 13.1 13.7 1.6 'S e— 13.2 12.6 .00
i7res |%eusr |12. 13.2 13-6 4.3 S 178 "N —— 13.3 2.6 -.0L
1779 [P3esr |11 11.7 12.5 13.0 2.1 feme-- O 11.0 10.3 .06
1TT9A [®328-r [10.9 11.3 ﬁ.s 12.2 12:0 L B et RLLET R .02
1B [%ze-r [10.8 1.4 1.7 12.2 11.9 R 10.9 10.3 .02

8Determined at 20° C from the expemsion ourve on heeting and the contraction ourve on sooling.
Positive valuss indlocate an intrsase in length; negetive valwes, a decrease in length.

hI‘-tumpor.

°P-temper and aged at 700° F for 100 hr.
dp-temper and aged at 600° F for 500 hr.
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TENSILE STRENGTH, YIELD STRENGTH, AND

MAX{MUM FATIGUE STRESS, PSI

TENSION PRGPERTIES
OBTAINED FROM FORGED
BAR. FATIGUE SPECIMENS.
60 TEMP, HOT-ROLLED FORGED|
e 400° F (o] [ )
o 50°° F A ‘
50 400° F |T.S. 600° F (] "
T T— 700°*F v L4
45 \Lq._..- .
el
40 400° F | Y.5. \K
---1Tr—-—-----—n.---.._-~~~h \
35 - '}.
500°F | T.s. “u\__ T ——
-~ L ™ hh - J
25 mgo%;‘\ - - n
[
o B R R B e =
20 | St | NEAT
e P . N "
s -—-1—4L.=A. - il
--l-. -‘.--
J— n) Pyt [ o= 1 |
10 700° F [T S. | |: ol
5 d--=.-:.;-.-t-. - -~ - e e e L1
o~ r T v T T™ = = -t ¥
OJ | I I I i | . T ++4- -7 -— e e e oy s e o e o o -
.04 10° lo° | | [ ] 107 | I | loa OYOLES
| 2 .5 48 1o 15 20 30 40 80 100 DAYS
TIME

Figure 1.- Tenslion and direct-streas fatigue properties of XB185~T, at elevated temperatures,
on comparable time scales, (Tensile data from reference 3,)

8%

OVN

89T "ON NI V



TENSILE STRENGTH, YIELD STRENGTH, AND

e
A
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| TENSILEED PROPERTIEES e
OBTAINED ON FORGED —|
ssxlo!_ SLAB. 2
60 s FATIGUE PROPERTIES _| 2
OBTAINED ON HOT — o
ROLLED BAR. —
35 ™S
° .
o ~ 400°F @
& 30 §00*F A&
“ as 600 F O
7]
i 400°F T.S. 700°F V
E 40 Jl o
1
o 400°F_ Y. 5. ™ .l
l_g is E2 B ORI mm e —e T O
] d T W E
E i Trb —
E 30 ™ Ty P /
L -~ \
2 o8 S00PF_T.S. ~ m A SHAAS
z 500°F Y.5.] =t Y4 TS ]
oy, -— LY
= I | I | -l o ‘T\ \,... '---__
15 600°F T.S. o - Cmy
. —— I ot ™ [~
lol— 600°F TSm|= g = '#_L..rH
!QDLF T.5 .---.--— ™% e - ----------- o
5 . i 32— I I —t—
700°F Y,S. > amg - b e e Bl K g - - [R—— - |- _-
4 ' . ) g GYGLES
10 10° I | | | | d | | 10
1 2 - ] 10 20 40 DAYS

TIME

Figure 2.- Tension and direct-siress fatigue properties of 328-T, at elevated temperatures, on
comparable time scales. (Tensile data trom reference 4.)
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Figure 4.- Tension and direct-stress fatigue properties of 183-T, at elevated temperatures, on
i comparable time scales. (Tensile data from reference 4.)
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Figure 9.- Short-time tensile tests on XB18S-T.
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Figure 10.- Short-time tensile tests on 243-T.
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NACA TN No. 1469

Krouse machine modified for testing at elevated temperatures.

Figure 11.-
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Figure 12.- Aluminum fatigue test specimen for elevated temperatures.
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